Methyl ammonium lead halide-based hybrid perovskite solar cells (PSCs) have been intensively studied in recent years because of their high efficiency and low processing costs. Although there are limited constraints for choosing the planar electron transport layer (ETL) or mesoscale electron transporting material (ETM), a great deal of effort is required in designing complex nanostructures which are effective as ETL/ETM to achieve high open circuit voltage (V oc ) and high fill factor (FF) in PSCs. In this review, various inorganic and organic ETLs, as well as inorganic ETM systems, used for PSCs are summarized.
Introduction
The hybrid nature (inorganic and organic) of perovskite materials 1 facilitates their use in devices such as solar cells, 2 light emitting diodes, 3, 4 photodetectors, 5-8 ferroelectric devices, and ferromagnetic devices. 9 A hybrid perovskite (RMX 3 where R: alkyl, A: ammonium, M: metal and X: halogen) solar cell has the potential to offer low-cost solar energy conversion and can be fabricated on glass and exible substrates. [10] [11] [12] [13] [14] [15] [16] [17] [18] In particular, methyl (M) ammonium (NH 3+ ) metal (Sn, Pb and Eu) halide (Cl, Br and I) is suitable for solar cells because of its optimum band gap (1.3-2.9 eV), [8] [9] [10] [11] [12] and its band gap can be tuned with different metal ions and halide cations, as well as different metal doping to its backbone. [19] [20] [21] [22] For example, use of formamidinium (FA) rather than methyl ammonium lowers the band gap; with the absorption band tail eventually exceeding 800 nm. 23, 24 This versatile material also has a higher exciton diffusion length (1000 nm) and lower exciton binding energy with broad spectral absorption and visible emission providing more room for device researchers to explore the physics behind the perovskite solar cell (PSC). [25] [26] [27] [28] [29] A hybrid PSC can achieve efficiency as high as 20% within a short period of time. 30 This peculiar material has triggered extensive study into material and fundamental physics for next generation solar cell materials because of the variety of fabrication techniques and exceptional optoelectronic properties. It is hoped that the efficiency will exceed that of crystalline silicon solar cells in the near future. Effective masses of photogenerated electrons and holes have been estimated as m e * ¼ 0.23m 0 and m h * ¼ 0.29m 0 , respectively, including spinorbit coupling effects. 20, 31, 32 Theoretical studies have explained the ambipolar characteristics of electrons and holes with efficient transport properties.
To date, several electron transport layers (ETLs) have been reported, including metal oxides (mainly transition metal oxides), metal oxide composites, and metal oxide heterostructure nanoparticles.
The crystal structure of hybrid perovskite materials and hybrid PSCs is well known, and the crystal structure analysis has been discussed thoroughly by different groups. 1 There have been more than 500 articles published within a 5 year span with different device geometry from the concept of dye sensitized solar cells (DSSC)
2 to p-n/p-i-n geometry, 33 bulk hetero-junction solar cells, [34] [35] [36] and inverted planar structure. [37] [38] [39] [40] Efficiency increased in order from the initial PSC invented by Miyasaka's group. 2 Later work by different groups improved the efficiency by using different materials from the bottom to the top electrode. This was found to be the easiest way to improve the power conversion efficiency (PCE) by increasing the open circuit voltage (V oc ) and short circuit current (J sc ) in the early stages of device research.
The ETL, sometimes called the electron extraction layer or electron collection layer, is where electrons are injected from the absorber layer, transported through the electron transporting materials (ETM), and nally collected by the electrode. Sometimes the ETL is replaced by a composite photoelectrode to improve the charge collection efficiency by lowering the series resistance. [34] [35] [36] Moreover, a one-dimensional nanorod ETL provides fast charge transport in a photovoltaic cell. Excellent pore lling achieved by manipulating the gaps between the nanorods and nanosheets was found to be benecial for enhancing the ll factor (FF) and PCE. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] The gaps between the nanorods can be controlled by the concentration of the solution and seed nanoparticle lms. The efficient charge collection leads to ideal current-voltage behaviour. This is a method by which to improve the external quantum efficiency (EQE), giving maximum efficiency without thermalization.
A schematic diagram of device architecture of the PSC is presented in Fig. 1 . The simple PSC consists of an electron transport layer/perovskite/hole transport layer on the FTO/glass substrate. Low and high work function electrodes can be used at the ETL and hole transport layer (HTL) sides, respectively. The balanced diffusion length of electron and hole is more than 500 nm in a perovskite absorber, which inhibits charge recombination in the perovskite absorber. 25, 26 Recently, Dong et al. reported electron-hole diffusion length of more than 175 microns in CH 3 NH 3 PbI 3 .
27 Therefore, a smooth electron injection requires aer charge separation for further process. Sometimes a compact hole blocking layer is used before the ETL, 53, 54 and an electron blocking layer 55, 56 is used before the HTL to block the excess hole and electron at either side, respectively. Some earlier studies focused on compact hole blocking layer (HBL) being benecial for PCE by blocking the hole from the ETL side. 53, 54 The electron and hole clouding in the device architecture leads to a high recombination rate. Using a planar hetero junction PSC, the PCE can be signicantly improved by provision of a proper path for both electron and hole.
In this review, we discuss the material and electrical aspects of the importance of the ETL along with their device physics. There is evidence that the exciton might dissociate at the ETL/ perovskite and perovskite/HTL interfaces. The other factor is exciton diffusion and separation, which is not clearly understood in PSCs. Low exciton energy in perovskite appears to have benet for high exciton diffusion length, which is an advantage over polymer/organic solar cells. Another important factor is that PSCs t to inorganic as well as polymer/organic ETL and HTL. Inorganic ETL/HTL has a longer electron/hole diffusion length compared with organic/polymer ETL/HTL. It has been reported that hybrid solar cells do not necessarily need a HTL but do need an ETL/scaffold. 57 So choice of the proper ETL for PSC is vital. Several reviews have been reported within a short period of time on PSC research.
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In this review, we summarize different ETL used in hybrid PSC and explore how design of ETL helps to improve the overall device performance. We also discuss how to improve solar cell efficiency in terms of improving charge injection, charge collection, charge separation, and charge transport in ETM. These parameters are interlinking to achieve the overall performance. We also address the effect of microstructure and morphology of ETL materials and how to achieve better pore lling, and composite structure to achieve high electron injection and transport on open circuit voltage. Finally, we review the different processing methods of ETL and their advantages and disadvantages. Herein, the most recent results of this particular optimization process such as annealing temperature and annealing time are reviewed, and how certain ETM retard the charge recombination.
Characteristics of electron transporting layer
The most important characteristic of an ETL is that it must satisfy band alignment with the perovskite layer, i.e. it should have lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) higher than the perovskite active layer. It must have high transmittance in the UV-Vis region so that a photon can pass through easily and be absorbed by the perovskite absorber. Exciton generation via light absorption, across the perovskite layer, must be dissociated before collection either by the ETL or HTL. The exciton dissociation mechanism was explained by Savenije et al. 68 Excitons can be dissociated at the ETL/perovskite or perovskite/HTL interfaces. Recently, studies showed that the electron and hole diffusion lengths exceed 500 nm and 1000 nm for CH 3 -NH 3 PbI 3 . X-ray diffraction (XRD) and transmission electron microscopy (TEM) analysis of the different groups showed that perovskite lms were highly crystalline and defect-free using the one step or two step methods.
perovskite led to average PCE of 8.19% from rutile-perovskite solar cells and 7.23% from anatase-perovskite solar cells. Nanova et al. predicted that an optimum porosity and an optimum over layer of perovskite is necessary to control the shunt resistance and series resistance. 69 Using chemical bathdeposited rutile thin lms and TiCl 4 treatment with different concentrations, Yella et al. successfully modied the particle size of rutile TiO 2 to give PCE as high as 13.7%.
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A complete list of electron, hole injection and exciton annihilation processes is described by Luo et al. 66 The large variety of ETL/ETM makes it hard to dene the characteristics of the ideal ETL. In terms of considering the band offset between the ETL/ perovskite, Minemoto et al. theoretically calculated that the band offset between the ETL/absorber and HTL/absorber should be 0.0-0.3 eV, as shown in Fig. 2 .
67 Fig. 2 shows simulated J-V curves of PSC with different CBO values for the buffer/ absorber interface. 
3a. Metal oxide as ETL materials
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They studied the stability of ss-DSSC and PSC using transient absorption spectroscopy (Fig. 3 ). Snaith's group initiated the idea that the absorption tails of mesoporous TiO 2 extend into the visible region, which may degrade the stability over a longer timescale. 76 They suggested that a low cost UV lter could efficiently block the UV and enhance the stability for a longer period of time.
Ultra-thin amorphous TiO x provides uniformity and homogeneity in short range order, giving more highly stable electronic properties than mesoporous TiO 2 . A 12.2% efficient PSC with high bending and durability was achieved using 20 nm of atomic layer deposited (ALD) TiO x by Kim et al.
18
Cadmium selenide (CdSe) has a band gap of 1.8 eV, with HOMO 0.5 eV lower than the perovskite active layer and LUMO 0.6 eV higher than the perovskite active layer. CdSe nanocrystal used as an electron transport/extraction layer for PSC shows PCE up to 11.7%. 78 Strong PL quenching has been observed in CdSe/CH 3 NH 3 PbI 3 /Spiro-OMeTAD. The PL quenching effect is necessary in PV devices for better charge separation and recombination resistance. SnO 2 shows better environmental stability than TiO 2 , as reported by Song et al. 79 Using the concept of light scattering efficiency, Park et al. used TiO 2 nanohelix ETL deposited by oblique-angle e-beam evaporation to produce hysteresis-free PSC. 80 The drawback of using TiO 2 in PSCs is that it must be annealed at high temperature, which can be a hindrance in commercialization as well as use in exible devices as the substrate cannot withstand such high temperatures. While mesoporous TiO 2 incorporated PSCs have shown good efficiency, their counterpart, the planar type PSC typically suffers from hysteresis issues. Recently several groups have addressed this issue by replacing the TiO 2 with low temperature processed SnO 2 in planar structures. SnO 2 has advantages over TiO 2 in terms of its high electron mobility, anti-reection property, and deeper conduction band, which could increase charge transfer from perovskite to ETL and reduce charge accumulation at the interface. Weijun Ke et al. deposited SnO 2 by spin-coating precursor solutions of SnCl 2 $H 2 O and heating in the air at 180 C. 147 A high efficiency of 17.21% was achieved using this method. Although less than in the planar TiO 2 structure, hysteresis was still present in PSCs made using this method. Qi Jiang et al. obtained a certied high efficiency of 19.9% by employing solution-processed SnO 2 at a low temperature of 150 C, which was almost free of hysteresis. 148 However, passivation of the PbI 2 phase in the perovskite layer was introduced in this study, which might have played a role in such a high efficiency of the device. Researchers have also employed atomic layer deposited (ALD) SnO 2 in a PSC, which served as the top cell in a tandem device. An efficiency of 20% was obtained A material with lower conduction band edge, and higher valence band edge can effectively inject electron and block hole from the perovskite layer, which can improve the recombination resistance for a highly efficient PSC. For SiO 2 , Al 2 O 3 , and ZrO 2 , the band gap is larger, and the conduction band edge is much higher than the conduction band of the perovskite layer which prevents smooth electron injection into both SiO 2 and ZrO 2 . Thus, the excited electron remains in the conduction band of the perovskite layer for a longer time. It was also proposed that the perovskite layer exhibits an ambipolar nature and that the electron can remain in the conduction band with only hole transported to the HTL. Bi et al. reported ZrO 2 as a scaffold material and compared the PCE with TiO 2 ETL. 84 Their results showed that ZrO 2 (PCE:
10.8%) had higher efficiency than TiO 2 (PCE: 9.8%). Although the band alignment is not fullled when ZrO 2 is used as scaffold material, the higher photovoltage and higher electron lifetime make ZrO 2 an efficient scaffold material, as shown in Fig. 4 . Al 2 O 3 acts as an excellent protective material for degradation of PSC. As can be seen in Fig. 5 , a comparative study by Niu et al.
82
showed that Al 2 O 3 retained the optical absorbance of perovskite and maintained the stability of the PSC by extracting moisture from the perovskite layer ( Fig. 7) .
Using an ultra-thin Al 2 O 3 layer, excellent moisture and humidity stability was demonstrated by Dong et al. 83 Using computational analysis along with experimental results, they proved that thin layer Al 2 O 3 acts an excellent absorber of H 2 O from the perovskite layer. Using ITO/PEDOT:PSS/CH 3 NH 3 PbI 3Àx -Cl x /PCBM/Al as the device structure on glass as well exible substrate, You et al. reported PCE of 11.5% and 9.2% on rigid and exible substrates, respectively.
88
The ETL provides a scaffold material for the perovskite layer to crystallize well to form pinhole-free compact lms. As is known, the crystallization and nucleation behaviour of the perovskite layer depends on the nucleation site of the substrate, so careful treatment of ETM is crucial to obtain a uniform, compact, and smooth perovskite layer with lesser voids to avoid unnecessary leakage of current. In addition to use of different ETM discussed above, Ke et al. claimed that PSC do not necessarily need ETM. Ultravioletozone treatment of ITO substrates, with a planar junction architecture processed by a solution method, has achieved a PCE of over 14% and an open-circuit voltage of 1.06 V (Fig. 8 ).
96
With an ETL, a high conversion efficiency of $8.39% along with a high short circuit current (J sc ) of $15. 24 84 Photocurrent transient decay occurs as a function of short-circuit current in Spiro-OMeTAD/CH 3 NH 3 PbI 3 /ZrO 2 (or TiO 2 ) solar cells. 84 further changing to core-shell NPs aer ALD deposited TiO 2 , improved the efficiency by retarding charge recombination. The purpose of a thin layer of high band gap materials is to eliminate the contact between the electrode and HTL because the perovskite active layer shows pinholes on thermal treatment during device fabrication, and also to passivate the surface defects on nanoparticulate TiO 2 (np-TiO 2 ) mesoporous lms. The schematic in Fig. 9 shows that cross-linking core-shell NPs are extended up to the bottom of the electrode.
Without an ETL, electrons suffer a sudden voltage drop which may degrade the device performance. A novel ITO/TiO 2 core-shell nanostructured photoanode was fabricated by Han et al. 99 using VLS grown ITO nanowire with ALD deposited TiO 2 , which gave better electron injection and charge collection efficiency compared with TiO 2 ETL. At the same time, this kind of nanostructure gives lower series resistance to the devices, with a lesser diffusion path for charge carrier, and acts as both photoanode and ETL for DSSC as well as hybrid PSC. The same concept was implemented using Al 2 O 3 /ZnO nanoparticle to improve the efficiency in PSC.
35 Such nanoarchitectures could be implemented for ITO/ZnO, ITO/Al 2 O 3 and ITO/V 2 O 5 , etc., because these metal oxides have already been tested as efficient ETL materials and can be deposited by the ALD process.
WO 3 is not considered to be an efficient ETM for DSSC.
100,101
In comparison with conventional TiO 2 ETL, WO x exhibited comparable light transmittance but had higher electrical conductivity. PSCs using WO 3 ETL exhibited comparable photoelectric conversion efficiency with TiO 2 -based PSCs, larger short-circuit current density, and high lower open-circuit voltage. 102 However, if a thin layer of TiO 2 is coated on the WO 3 , better electron injection can be observed in comparison with the WO 3 alone. This leads to high charge collection efficiency and retards the recombination in PSC. Mahmood et al. reported a mesoscopic WO 3 /TiO 2 nanostructure to get a smooth electron injection to get high V oc and PCE. 47 As the FF depends on the series resistance, shunt resistance, and diode characteristics, careful choice of nanostructure, thickness, and pore lling could provide improved FF. A recorded V oc (approx $1.3 V) was achieved by tailoring both a low-lying HOMO level as well as the appropriate electronic and optical properties by Edri et al. 57 using a TiO 2 /alumina/CH 3 NH 3 PbBr 3 /PDI structure. Their efficiency was limited, however, to 0.56%. 
104
Long exposure of m-TiO 2 to air and pre heating or UV treatment before fabrication of the perovskite layer can result in the above interface problem. Hence, some previous reports advised TiCl 4 treatment, which can prevent such effects in PSC. 53 Using a thin layer of MgO on m-TiO 2 , the recombination resistance can be reduced (Fig. 10) .
53
Charge retarding behaviour using heterostructure coreshell nanoparticles is well known in DSCC. Using MgO/TiO 2 , Al 2 O 3 /TiO 2 , ZnO/TiO 2 etc., electron-hole recombination can be suppressed. 72, 73 MgO-coated TiO 2 nanoparticle (NP)-based electron collecting layers were fabricated by Han et al., to prevent charge recombination at the perovskite/TiO 2 interface in PSC. 73 Open circuit voltage (V oc ) and ll factor (FF) with MgO/TiO 2 ETL are 4.7% and 6.1% higher, respectively, than with mesoporous TiO 2 ETL, and the recombination times for MgO/TiO 2 NP-based PSC are about three times longer than that of TiO 2 NP-based solar cells. Longer recombination time was achieved by adding an MgO thin layer which retards the electron-hole recombination. 71 The detailed mechanism is shown in Fig. 11 .
3e. Doping effect
It is well known that a photoelectrode can efficiently absorb a photon and provide better band alignment to the charge, which can inject to the electrode. Using Y-TiO 2 (0.5% Y) can increase the conduction band edge near to the conduction band of perovskite. 105 Mahmood et al. also reported Al doped ZnO as an efficient ETL using an electrospraying method which effectively enhances the charge collection efficiency.
106
N-type doping leads to an increase in the conduction band edge which can efficiently decrease the charge recombination process. Several n-type dopings have been reported in TiO 2 (Fig. 12) .
In this way, the V oc can be improved to shorten level, which would raise the FF, and consequently the PCE. n-type doping in TiO 2 can be achieved using a number of elements. Using Sn doped TiO 2 , Zhang et al. 51 tuned the band gap of TiO 2 and improved the efficiency up to 67%. By n-type doping, the conduction band edge can be increased, which can suppress recombination of electron and hole and provide a smooth electron injection. Using this concept, many n-type doped TiO 2 52 Their results showed that the band gap increased up to 1 eV which affects the V oc , increasing it from 587 meV to 802 meV. Electron-rich, nitrogen doped ZnO (N:ZnO) NR-based electron transporting materials (ETMs) with enhanced electron mobility produced using ammonium acetate show consistently higher efficiencies by one to three power points than undoped ZnO NRs.
107 Using Pb doped TiO 2 nanobre, Xiao et al. reported 9.03% efficient PSC with an HTL.
108
Using Al-doped ZnO (AZO) modied ZnO nanorods as ETL, enhanced V oc and PCE were achieved (Fig. 13 ).
109
For
However, other methods such as hydrothermal, spin coating, electrospray method spray deposition are good for PSC fabricated on rigid substrates. Using a hydrothermal method, the microstructure can be easily tuned to tune the optical properties and device architecture. The electrospray method is a better choice for growth of many novel nanostructures with multilayer structure for sensitized and solid state PSC. 110 Electrospray has many process parameters, and can adjust the thickness as well as morphologies. Magnetron sputtering grown compact ZnO as ETL was deposited by Liang et al. 48 They observed 13.4% and 8.03% PCE on ITO/glass and ITO/PET substrate. The sheet resistance of ZnO/ITO/glass was limited to 8.0 ohm per cm 2 , which gave a low series resistance to the device. At the same time, compact ZnO lms by magnetron sputtering mean that the shunt resistance would be high enough to give such high efficiency. A complete list of fabrication methods and their electronic properties is given in Table 1 . The HOMO, LUMO, and band gap are also listed and the band energy diagram with respect to perovskite is tabulated. As per theoretical study by Minemoto et al., 67 the band offset between the ETL and perovskite layer should be in the range of 0.0-0.3 eV, to give an optimum V oc , which regulates the FF in PSC. This information is useful for fabricating highly efficient PSC by choosing an optimum thickness, microstructure, doping, and device architecture. Band gap tailing by Nb doping in TiO 2 and faster electron injection and electron lifetime was reported by Kim et al. 111 They showed light Nd doped TiO 2 to have the highest efficiency of 13.4% (Fig. 14) . (Fig. 6 ).
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3f. Induced dipole effect: the role of polymer on ETL Introducing a dipole layer at the TiO 2 /perovskite interface can efficiently separate the electron and hole by controlling the polymer thickness, which can reduce the charge recombination in a solar cell. 104 The existence of oriented permanent dipoles at the TiO 2 /perovskite interface is consistent with the hypothesis of an ordered perovskite layer, close to the oxide surface without using polymer. 112 Photoinduced absorption (PIA) and electron absorption (EA) study conrmed that either non-oriented permanent dipoles and/or likely expectable bulk polarization effects, contribute to the Stark signal. Sometimes a thin polymer layer induced a dipole moment between ETL and the perovskite layer. Polyethylene amine (PEI) which is used as a surfactant to grow ZnO nanostructure is conserved for induced dipole moment. 107 Using PEI nanolayer, smooth electron injection was observed by inducing a dipole layer at the PEI/TiO 2 (ref. 71) or PEI/ZnO 107 interface, which can increase the conduction band edge to give smooth electron injection. Moreover, a dipole layer can efficiently separate the electron from the perovskite absorber. Zhou et al. used the same concept to achieve high efficiency, with Y-TiO 2 to improve the efficiency. 71 Polymers induced the dipole effect and their effects on device performance in different device structures are summarized in Table 2 ( Fig. 15) . 
3g. Nanostructured electron transport layer
Surface coverage of the perovskite layer by the ETL is one of several issues in PSCs. Compact TiO 2 deposited by ALD or a spincoated m-TiO 2 compact layer is better for vapour-deposited perovskite layer, as reported by Snaith's group for planar heterojunction (PHJ) PSC. Chlorine inclusion or chlorine addition in either a one-step or two-step method gives better surface coverage on m-TiO 2 . This technique provides the PHJ PSC. However, a nanostructured ETL has been found to be best for iodine precursor or mixed halide precursors in which the perovskite crystal is in the range 200-500 nm. Controlling the aspect ratio of nanowires allows perovskite to inltrate into the ETL, giving a direct path for the charge carrier to be collected by the electrode. Generally, the PSC needs a mesoporous ETL, compact ETL, or a scaffold material for growth of the perovskite absorber. The most common practice is to use a commercially available mesoporous TiO 2 layer, which has superior electrical properties because the mesoporous TiO 2 is deposited easily by spincoating, but the thickness and roughness cannot be easily controlled. Also, perovskite is sometimes inserted into the TiO 2 layer and this cannot be distinguished using a cross-sectional scanning electron microscope. A number of reports describe such intermixed TiO 2 and perovskite layers using the 1S and 2S methods. The microstructure of CH 3 NH 3 PbI 3 has particle size in the range of 100-500 nm with large pore size. When the HTM is deposited on the perovskite layer, the HTL may insert into the gaps, touching the ETL and providing a shunt path. Consequently, the efficiency of the solar cell is degraded. The effects of morphology and pore lling of mesoporous TiO 2 layer and perovskite layer in terms of device performance were studied by Nanova et al. 69 TEM-EELS (electron energy loss spectroscopy) measurements were used to study the mechanism and optimum pore structure of TiO 2 /perovskite. A ner grain of TiO 2 efficiently accompanies the perovskite, resulting in an interlinked structure and better PCE. Hence, an over-layer perovskite absorber is needed to overcome the problems described above (Fig. 16) .
Fast electron transport and charge collection is possible using nanostructured ETL materials such as nanowire, nanosheets, and nanoneedles. These NSs provide better charge injection and unidirectional charge transport. Smooth injection is the key point at the ETL and perovskite interface, which must satisfy the condition that the LUMO of the ETL is lower than that of the perovskite. However, the CH 3 NH 3 PbI 3 and (Cl, Br) doped CH 3 NH 3 PbI 3 (CH 3 NH 3 PbCl x , CH 3 NH 3 PbCl x Br y I 1Ày ) were found to be benecial because of the optimum band gap giving broad absorption in the UV-Vis region and high extinction coefficient.
113-115 A schematic band energy level diagram of hybrid perovskite materials is presented in Fig. 1 . To provide a smoother path for the electron the LUMO level of the ETL should be lower than the LUMO level of the intrinsic layer, and the HOMO level should be higher than that of the intrinsic layer.
Nanostructure ETL such as nanowire and nanorods were found to be benecial for charge collection. A better surface morphology, roughness, and nanoarchitecture give efficient electron injection and a short carrier path for the electron. Transition metal oxides (TiO 2 , ZnO) can have a variety of nanostructures, and can be easily doped by a number of elements to increase/decrease the Fermi level, which affects the electron injection efficiency and consequently leads to enhanced transport properties and better charge collection efficiency. Park et al. used ZnO nanorods to efficiently collect the electron from the lower wavelength region.
46
Using a dense compact TiO 2 layer, the series resistance of photovoltaics (PV) was improved by Ke et al. 116 Their approach was to minimize the series resistance, giving a higher recombination time of the PSC. They achieved about 15.07% efficiency with V oc up to 1.04 V. Using electrospun deposited TiO 2 nanobre of different TiO 2 thicknesses, Dharani et al. reported V oc ¼ 844 mV with PCE ¼ 9.8%. 50 They predicted that V oc decreased with increasing bre thickness.
Hydrothermally deposited one-dimensional TiO 2 array rather than a mesoporous TiO 2 layer is a better ETL for PSC. A schematic of a 1D TiO 2 /perovskite solar cell is presented in Fig. 17 . 50 The schematic gives misleading information that the HTL is in contact with the TiO 2 ETL, which might have resulted in high shunt resistance and low recombination time, so degrading the solar cell performance. Hence, the J-V curves did not maintain the current with increasing V oc . At the same time the series resistance is comparatively high using long TiO 2 nanorod. A highly efficient 1D TiO 2 can be fabricated by proper choice of thickness of TiO 2 and doped TiO 2 nanorod with excellent pore lling and over layer perovskite material with controlled pore size. Large pore size and particle size of perovskite lms allow insertion of the HTL into the TiO 2 ETL, giving low shunt resistance which gives low FF.
Control over nanostructure ETL with different morphology and size shows better electron injection, electron transfer, and charge collection efficiency. 36, 37, 100 The thickness and gap between nanorods should be controlled to decrease the series resistance and increase the shunt resistance. A non-porous ETL needs a thin compact hole blocking layer for better lm growth. Increasing the nanowire length provides higher series resistance and also gives a large carrier path to extract the electron. If the nanowire size can be controlled, the perovskite can be inltrated into the nanowire gaps, which would compensate the The TiO 2 in device 3 is a much finer grained structure (very small and unconnected red domains). (c) I-V characteristics of the devices. The higher fill factors of devices 1 and 2 can be correlated to the wellconnected TiO 2 network and hence better electron transport properties.
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series resistance by several orders. At the same time, a proper morphology must be considered to obtain high efficiency. The microstructure cannot be easily controlled using the spin coating process. Extra additives or doping is required to initiate a large number of nucleation sites which can grow nanocrystalline perovskite nanoparticles with high surface coverage. This method allows high shunt resistance to get high ll factor with high external quantum efficiency (EQE).
By controlling the photoelectrode thickness and perovskite thickness, Dhar et al. efficiently controlled the charge injection to the photoelectrode. A PSC of 12% efficiency was fabricated using novel (001)-oriented nanoplatelets of anatase thin lm as the photoanode.
117 A thicker ETL material provides a longer diffusion path for the electron to reach the electrode, which limits the charge collection efficiency and also transmittance of the incident photon decreases with increasing thickness. So when designing an ETL, the optimum thickness should be considered. Oh et al. reported ternary Zn 2 SnO 4 (ZSO) as the electrontransporting electrode of a CH 3 NH 3 PbI 3 PSC as an alternative to the conventional TiO 2 electrode. [118] [119] [120] They obtained different thicknesses of ZSO compact layer or ZSO mesoscopic layer using the spin coating method. 118 They observed that transmittance of ZSO lms had negligible effect on increasing thickness. In addition, time-resolved and frequency-resolved measurements revealed that the ZSO-based PSC exhibits faster electron transport ($10 times) and superior charge collection capability compared with its TiO 2 -based counterpart with similar thickness and conversion efficiency. Using Zn 2 SnO 4 /PVP nanobres, Mali et al. reported 7.3% efficiency (Fig. 18 ).
3h. Additive controlled enhanced charge injection/ collection
Wang et al.
121 used a range of additives from divalent (II), trivalent (III), and tetravalent (IV) to hexavalent (VI) acetylacetonate in TiO 2 to demonstrate efficient charge injection. Also, different substrate treatment of m-TiO 2 was found to be benecial for crystallization behaviour of the perovskite layer.
117
Amino acid-modied TiO 2 ETM has more efficient charge transfer from perovskite to TiO 2 .
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Using ZnO/PCBM ETL in a PHJ PSC, trap-assisted recombination was lowered by several orders. 123 Interface modication plays a crucial factor by passivation or deposition of polymer on inorganic ETL, found to enhance the efficiency of PSC by improving the electron transport/extraction. The aim of using PCBM on ZnO 123 and TiO 2 (ref. 124 and 125) is to adjust the quasi Fermi level of ETL and HTL, as the V oc of the PHJ PSC is decided by the energy-level offset between the quasi Fermi levels of the ETM and the HTL adjacent to the perovskite active layer. 126, 127 In addition, efficiency can also be enhanced by use of an induced dipole moment to enhance charge collection of electron and reduce charge recombination (Fig. 19) .
The role of the ETM/ETL is to collect electrons efficiently and retard the hole toward the HTL. Efficient charge injection of electron or hole can be analysed by time-resolved photoluminescence decays and the photoluminescence quantum efficiencies of the perovskite lms on ETL. With a BHJ PSC architecture, using PC 61 BM/CH 3 NH 3 PbI 3 :PC 61 BM composite thin lms, the device performance was improved by means of excellent charge collection. Fig. 21 shows the photoluminescence (PL) spectra of the pristine CH 3 NH 3 PbI 3 , CH 3 NH 3 PbI 3 :PC 61 BM, 61 BM composites compared with CH 3 NH 3 PbI 3 , which conrms efficient exciton dissociation at "donor/acceptor" interfaces and subsequently electron extraction. With this concept, reduced electron-hole pair recombination and faster charge extraction/collection was obtained in the conventional BHJ PSCs. 124 At the same time, this composite lm shows higher absorbance than the CH 3 NH 3 PbI 3 ( Fig. 20-22 ).
3i. Plasmonic nanoparticles in conventional electron transport layer
Plasmonic NPs improve absorption by scattering light using metal nanoparticles excited at their surface plasmon resonance. Using sandwiched TiO x -Au-TiO x ETL with a plasmon-mediated hot carrier injection from the Au-NPs to TiO x , Yuan achieved PCE of 16.2%. 129 Using binary Au-Ag popcorn metal NPs, absorption of both TiO 2 and perovskite active layer improves through localized surface plasmon (LSP), which gives higher efficiency (Fig. 23) .
130
In a similar way, a DMAPA-C 60 layer on PCBM lowers the work function (WF) by inducing an interface dipole moment, creating a selective quasi-ohmic contact at the interface with Ag (Fig. 24) . 131 This formation of a dipole layer by either PEI or DMAPA-C 60 directly impacts on the WF of electrode and suppresses the energy barrier between the ETL and electrode.
104
A remarkable FF of 86.7% with enhanced electron extraction efficiency was achieved by bulk heterojunction (BHJ) pero-HSCs fabricated by blending perovskite materials with fullerene derivatives A 10 C 60 (Fig. 25 ).
132
Limitation of the band gap and absorbance in the UV-Vis region and their photoresponses limits the device performance. It has been conrmed that the band gap of MAMeX 3 can be tuned by changing M, A, Me, X, or MA; however, devices suffer in terms of J sc , V oc , and FF. By implementing another photoactive material in a PSC, which could behave as both ETL and active material, better performance would be achieved than using a material with single active layer. Poly(diketopyrrolopyrrole-terthiophene) (PDPP3T) is a typical low-band gap polymer which is used as an active material in PSCs. It also has lower HOMO level than that of hybrid perovskite material, enabling use as the ETL in PHJ or BHJ solar cell.
133 By implanting PDPP3T-PC 61 BM BHJ into PSCs, the absorbance of a cell was successfully enhanced in the longwavelength region. Fig. 26 shows a comparison of absorbance of CH 3 NH 3 PbI 3 /(PDPP3T-PC 61 BM) blend lms (Fig. 26) . Even when the band energy level of PCBM matches with cathode, some interfacial issues can arise such as interfacial trap and defect states, which signicantly affect the charge collection. Interlayer polymers can overcome these difficulties and help to achieve smooth energy level alignment. These polymers can help electrons to efficiently collect at the cathode of PSCs in cases of energy mismatch between PCBM and cathode. In addition, interlayers can provide better surface roughness for electrode deposition, which ultimately affects the charge collection. It is believed that polymer ETL passivates defects of the perovskite layer, which might not occur when using inorganic ETL/scaffold. Another advantage of polymer ETL is that it does not require high temperature deposition.
In general, a compact TiO 2 layer is used as the hole blocking layer (HBL) in m-TiO 2 based PSCs. The BCP layer on PCBM ETL acts in the same way as the TiO 2 compact layer does in inorganic ETL. By employing double interfacial layers (rhodamine101/ LiF), Sun et al. achieved better efficiency than that of PCBM/ LiF and PCBM/rhodamine 101.
134 Moreover, zwitterions with positive and negative charges on the same molecule can lower the work function of electrodes by formation of interface dipoles. 135, 136 In the same way, this was achieved using interlayer PEI on TiO 2 [Yang] or ZnO [Mahmood] .
The addition of PS aids formation of a highly smooth and uniform PCBM on the perovskite active layer that is more effective in preventing undesirable electron-hole recombination between the perovskite layer and the top electrode.
3j. Functionalization
By introducing glycine, an amino acid, as a coupling agent, better surface morphology of perovskite lms was observed, which ultimately reduced the transport resistance (Fig. 28) and improved the J sc from 14.42 to 19.54 mA cm À2 (Fig. 27 ).
137
Conjugated polymer electrolytes (CPEs) are another class of efficient interface materials that form the electron dipole moment at the interface of either metal/ETL or ETL/perovskite. These concepts of interface engineering have been regarded as bene-cial for improving the device performance by charge collection, extraction/injection. Ryu et al. achieved PCE of about 15% in FTO/ PEI/PCBM/MAPbI 3 /PTAA/Au PHJ PSC. 138 To improve efficiency, well-organized mesoporous TiO 2 photoelectrodes were fabricated by block copolymer-induced sol-gel assembly by Sarkar et al.
139
V oc can be increased by reducing electron-hole recombination occurring at the HTL/ETL inside a perovskite pinhole. Functionalizing the ETL/scaffold by organic/polymer molecules would provide better recombination resistance. Different concentrations of 3-aminopropyl (3-oxobutanoic acid) functionalized silica nanoparticles were used to improve V oc and PCE by a one-step solution process. 140 The advantage of functionalized SiO 2 NPs over compact TiO 2 , is that hole transfer is hindered from the perovskite as well as the HTL. The functionalized SiO 2 lowers the conduction band edge to give a smooth electron injection to the metal electrode. Absorption of perovskite lms was improved in a broad range of light spectrum by employing 3-aminopropyl (3-oxobutanoic acid) functionalized silica nanoparticles at different concentrations, as shown in Fig. 29 .
C 60 SAM functionalized mesoporous TiO 2 as ETL has shown recorded efficiency of $11.7% in a perovskite-sensitized solar cell using Spiro-OMeTAD as a transparent hole transporter. Fig. 25 (a) 
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In this approach, C 60 SAM functionalized mesoporous TiO 2 enhances both the absorption and the electron injection. It was observed that the contact between the perovskite and the planar n-type TiO 2 charge collection layer was not effective for electron transfer. Modifying this contact with an organic electron-accepting fullerene self-assembled monolayer (C 60 -SAM) modied TiO 2 , signicantly enhanced the electron transfer. 141 Most of the interlayer organic/polymer molecules passivate or inhibit the formation of trap states at the interface, on the TiO 2 surface through the anchoring group. This results in reduction of the non-radiative recombination channels at this interface.
142 Through electroluminescence (EL) studies, Wojciechowski et al. showed a 5/10-fold increase in the electroluminescence signal for a fullerene-modied sample compared with a standard cell, indicating that the non-radiative recombination at the heterojunction was reduced with the C 60 -SAM treatment. The observed increase in EL intensity also suggests that the functionalization led to a reduction of interface defect sites, either on the TiO 2 or in the perovskite, which would otherwise cause non-radiative recombination of injected carriers. This is consistent with recent results by Q. Wang et al., who suggested that fullerene can passivate trap states in the perovskite itself. Using triple cathode buffer layers consisting of PCBM/C60/LiF, a PCE of up to 14.24% was achieved with excellent stability (Fig. 30) . Growing interest in PSCs and increased knowledge on how to improve their efficiency by manipulating the microstructure, morphologies, doping, and device architecture has resulted in development of several techniques to full these requirements. For example, several methods have been suggested to deposit ETM/ETL. The most common technique is spin coating of mTiO 2 . The thickness of m-TiO 2 can be controlled by the concentration of m-TiO 2 in ethanol solution in iso-propyl alcohols. This method has been found to be more reliable and easier than other techniques. Nanostructured ETM/ETL can be prepared by a hydrothermal method. Kim et al. observed PCE of more than 13% using 20 nm of ALD-deposited TiO 2 on an ITO/PEN substrate. They reported that 20 nm ALD-deposited a-TiO x effectively collected the electron from the perovskite layer without mesoporous TiO 2 .
18 Wang et al. used nanocomposites of graphene and TiO 2 nanoparticles to produce highly efficient ETL in PSC. They postulated that most of the electron density resides on the graphene and ensuing "depleted" TiO 2 is contacting the perovskite will have a lower recombination rate with the holes in the perovskite because of reduced electron density in the TiO 2 , thus contributing to the increase in the photocurrent. 
Conclusions
We have summarized and discussed recent developments in mesoscopic ETM-based organometallic halide perovskite-based solar cells. With extensive research and accumulated understanding, the unique physical and optoelectronic properties, pore lling, and surface coverage characteristics of mesoscopic organometallic halide perovskites have been explored and elucidated. This review also addressed the charge injection, charge retardation by implementing the doping in metal oxide NPs, and heterostructured core-shell nanoparticles. Dipoleinduced facile charge injection using thin polymer layers is also discussed. ETL/ETMs in PSCs are currently being intensively studied by many research groups around the world, producing a lot of promising results. Optimization of the following factors, (a) "scaffold" thickness and porosity modi-cation, (b) interface/electrode engineering, (c) electron transport through the ETL/ETM, (d) doping, and (e) HTM adjustment are shown to effectively improve light harvesting in PSCs. Special design of ETLs and ETMs for efficient PSCs not exhibiting hysteresis in solution-processed devices is also discussed. To fabricate these porous scaffolds as well as the thin blocking layer, especially employed in state-of-the-art PSCs, the process of sintering at high temperatures is needed, which increases production cost and energy consumption, and also limits the possibility of fabricating large-area, exible devices. Thus, in the future, developing low-temperature fabricated devices will be a promising direction and trend. Although great success in the photovoltaic eld has been achieved for organometallic halide perovskites, the presence of reliance on heavy metals such as lead, the extremely high sensitivity of organometallic halide perovskites to elevated temperature and moisture, and the presence of signicant hysteresis effects remain among the key limiting factors for practical applications of perovskite materials in the photovoltaic eld.
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